Abstract
I. INTRODUCTION
Common military radar systems transmit sophisticated pulse compression waveforms for range information. Although much progress has been made in suppressing the platform radar cross section to avoid detection by enemy active radar, little has been done to protect the platform from being detected due to its own on board emissions.
Waveform coding is a pulse compression technique in which the traditional single radar pulse is subdivided into N coded sub-pulses thereby reducing pulse peak power levels. A disadvantage of using coded waveforms is that the transmitted signal has features that can be easily detected by enemy passive detection equipment. One of the detectable features is the carrier frequency. Presence of carrier frequency in coded waveforms gives rise to cyclostationary properties that are exhibited in the form of spectral lines in the transformed signal generated using a nonlinear transformation.
II. BACKGROUND A. Cyclostationary Signals and Hidden Periodicity
An empirical definition of cyclostationarity is that a signal is cyclostationary if a nonlinear transformation of the signal results in the generation of spectral lines [2] .
Signals containing spectral lines in the power spectral density (PSD) are said to exhibit first-order periodicity. The concern is with signals that give rise to spectral lines not in the PSD of the signal, but in the PSD of the signal converted into one with first-order periodicity by a nonlinear transformation. This hidden periodicity content of the transformed signal may unknowingly be intercepted by an enemy passive detector.
B. Complementary Phase Codes
Complementary phase codes are codes in which a pair of equal-length codes has the property that the time sidelobes cancel when one algebraically adds the autocorrelation functions of the pair of codes [3] . Side-lobe cancellation results in easier detection of the reflected radar waveform. One type of a complementary code is the Welti code. An example of a 64 chip Welti code and its spectral contents are shown in Figure 1 . Simulation of a complementary pair of Welti coded cw waveforms is performed using MATLAB routines. A set of Welti codes of length 16 chips is generated with chip frequency (i.e., 1/ , where is the chip width) of 3 MHz. In order to simplify the MATLAB plots, a carrier frequency (f c = 12 MHz) is chosen in the MHz range and not in the typical GHz range for radar RF carrier frequencies. This simplification has no effect on the MATLAB results obtained. The Welti coded cw waveforms are generated by multiplying the Welti codes with the carrier frequency. A simplified square-law feature detector representing the non-linear transformation is then Figure 2(b) shows the PSD of the coded waveform after passing the waveform through the detector. From Figure 2(b) , it is seen that passing the waveform through the detector, i.e., performing a nonlinear square transformation as mandated by the definition of cyclostationarity, results in the generation of finitestrength spectral line components that are well defined and may be exploited by enemy passive receivers. The spectral components are at f = 2f c = 24 MHz and f = 0. Generation of the dc spectral component in the signal spectrum is trivial in that it provides an interceptor with no carrier frequency information and, therefore, should be of no concern. Suppression of the hidden periodicity is achieved by filtering out frequency components present in the actual Welti code itself. This filtering results in energy suppression in the neighborhood of twice the carrier frequency present in the square of the coded cw waveform.
C. Welti Code Filter Design
The characteristics of the Welti code energy suppression filter are determined by first considering the relationship between the Welti code and the unit height pulse, the fundamental building block of the code. A unit height pulse of fixed duration is given by
where u(t) is the unit step function. The Fourier transform of p(t) can be easily derived to be
The Welti code, which consists of delayed unit height pulses, is in terms of p(t), defined as the summation
The Fourier transform of w(t) is
Upon integration, W(f) reduces to W(f) = P(f) N 1 n a n e -j2 f(n-1) (5) Next, denoting the filtered Welti code as m(t), the Fourier transform of m(t) is then
where H(f) is the transfer function of the desired energy suppression filter. Substituting Equation (5) into (6), we then have
When a carrier is modulated with the filtered Welti code m(t) we get s(t) = m(t) cos 2 f c t
Squaring of s(t) results in the formation of the unwanted spectral lines at the output of the detector. Therefore, the square of Equation (8) needs to be closely examined to determine the appropriate energy filtering scheme. The square of Equation (8) can be written in the frequency domain as
where denotes convolution and S(f) is the Fourier transform of s(t). The convolution can be expressed as,
The Fourier transform of Equation (8) is
Substituting Equation (11) into (10), we have
which can be rewritten as If we let X 1 and X 2 represent, respectively, the first and second bracketed terms in Equation (12), then X 1 and X 2 can be depicted as shown in Figure 3(a) . The integral of the product [X 1 ][ X 2 ], i.e., R( ), is depicted in Figure 3(b) . From Figure 3(b) , it is easily concluded that R( ) is the sum of three terms. If we denote the left spectrum of R( ) by X L ( ), the center spectrum by X C ( ), and the right spectrum by X R ( ), then R( ) can be written as
The frequency components at the output of the squarelaw detector that are to be suppressed are those in the neighborhood of ±2f c . Since X L ( ) is the mirror image of X R ( ), then for problem simplification, and without loss of generality, frequency components in only the right positive spectrum X R ( ) are considered, i.e., those in the neighborhood of +2f c . Expanding Equation (12), we get
Substituting = 2f c in the above equation, we have
Since we are only considering X R ( ), with +2f c , the only term then having significant contribution upon integration of Equation (15) is the second product term, M(f -f c ) M(f c -f). All other products in the integral are nearly zero. Therefore, R(2f c ) reduces to X R (2f c ) 4
and for any near 2f c , X R (2f c ) becomes
Substituting M(f) of Equation (7) into (17), X R ( ) can then be approximated as
For maximum energy suppression in the Welti coded cw signal, Equation (18) must be minimized. The summations in the brackets are the phase terms for the Welti code and should not be altered in order to preserve the delay characteristic of each of the pulses in the code. The product H(·)P(·) is what needs to be examined. Frequency components of substantial energy contribution in the Fourier transform of a pulse, P(·), are those components in the frequency neighborhood centered around the spectrum's main-lobe peak. Hence the product H(·)P(·) should result in maximum suppression of such frequency components. This is easily achieved by selecting (1/ ), or 3MHz. The center frequency of the three notch filters is the dc frequency. Energy suppression is measured by comparing average power within a frequency bandwidth in the square of the filtered and unfiltered Welti coded cw waveform. The squared cw waveform bandwidth within which peak power is compared is chosen to be equal to the bandwidth of the main-lobe in the Welti code spectrum, that is (2/ ), or 6 MHz, and is centered around twice the carrier frequency, or 24 MHz. For simplicity, this bandwidth is referred to as the cw waveform reference bandwidth.
IV. Energy Suppression Results
First, the average power within the cw waveform reference bandwidth when the Welti code was unfiltered was measured to be 10.9 dBm. This is the average power against which power suppression resulting from the selected three bandwidths is compared.
Filtering of the Welti code is first performed using the filter bandwidth of 1/100·(2/ ), or 60 kHz. The top plot of Figure 4 shows the composite autocorrelation for the unfiltered Welti codes, and the bottom plot shows that for the filtered ones. It is clearly evident that the side-lobes still cancelled and, therefore, the desired complementary characteristics of the Welti code pair are retained. Figure 5 shows the PSD of the square of the unsuppressed Welti coded cw waveform (top plot) and the PSD of the square of the energy suppressed coded cw waveform (bottom plot). The spectral line at f = 24 MHz is noticeably reduced in the bottom plot. The average power within the cw waveform reference bandwidth is measured to be 8.98 dBm, a reduction of approximately 36.6 % from the average power for the unsuppressed cw waveform. are still retained. Figure 7 shows the PSD of the square of the energy suppressed coded cw waveform for this bandwidth case. The spectral line is further suppressed when compared to the bottom plot in Figure 5 . The average power within the cw waveform reference bandwidth for this case is measured to be 7.32 dBm, a reduction of approximately 56.5 % from the average power for the unsuppressed cw waveform. Finally, filtering of the Welti code is performed using the filter bandwidth of 1/25·(2/ ), or 240 kHz. Figure 8 shows the composite autocorrelation for the filtered Welti codes. Side-lobe residue is more evident in this bandwidth case. Nonetheless, the complementary characteristics are still retained. A m plitude Figure 9 shows the PSD of the square of the energy suppressed coded cw waveform for this third bandwidth case. Suppression of the spectral line is noticeably more. The average power within the cw waveform reference bandwidth is measured to be 4.47 dBm. Average power reduction in this case is approximately 77.4 % from the average power for the unsuppressed cw waveform.
V. CONCLUSIONS
Presence of the carrier frequency feature in a coded waveform gives rise to cyclostationary properties that are exhibited in the form of spectral lines in the transformed M a g n itu d e signal generated using a nonlinear transformation device.
Cyclostationary spectral lines present in the PSD of the square of the Welti coded cw signal were suppressed by filtering out frequency components present in the actual Welti code itself. Filter bandwidths were chosen in relation to the first null of the Welti code sinc spectrum. A bandwidth of 1/100·(2/ ) resulted in an average power reduction of approximately 36.6 %. While a bandwidth of 1/50·(2/ ) resulted in further reduction of the average power down by approximately 56.5 %. Finally, filtering with a 1/25·(2/ ) bandwidth resulted in a significant average power reduction of approximately 77.4%. In all three filtering cases, the desired complementary characteristics of the Welti code pair were retained as sidelobe cancellation still occurred.
In this paper, suppression of cyclostationarity due to first-order periodicity present in a squared Welti coded cw waveform was achieved. Future works include suppression of cyclostationarity due to periodicity present in a delayand-multiplied Welti coded cw waveform. 
